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Abstract

In the 2001—2002 run period at Relativistic Heavy Ion Collider (RHIC), polarized protons
were accelerated to 100 GeV for the first time, with collisions at 1/s=200 GeV. We performed
a pilot experiment at IP12 to search for non-zero single transverse asymmetry, Ay, in 7°
production at very forward angles based on the observation of large asymmetries in large xp
in /s = 19.4 GeV at Fermilab. The experiment was primary designed to detect photons from
7% but was also capable to detect neutrons in the forward angle, £2.8 mrad. The detector for
neutral particles was placed downstream of the RHIC DX dipole magnets, which bent out a
proton beam and other charged particles.

Observed asymmetries for photons and 7s were consistent with zero within the errors,
whereas a significant asymmetry was observed for neutrons. The value of the asymmetry is
Ay = (—0.090 £ 0.006 £ 0.009) x (1.079-52), where the errors are statistical, systematic and the
scale error is from the beam polarization uncertainty. This discovery enabled to monitor the
beam polarization at the collision points at RHIC.

For further investigation about this large asymmetry in the leading neutron production and
its origin, we have measured the xr dependence of Ay and cross section with the PHENIX
detector in the similar kinematics region at 1/s=200 GeV. The observed asymmetries are con-
sistent with the IP12 result within the errors and show almost no zr dependence. The measured
cross sections are consistent with the xf scaling claimed by the ISR experiment which measured
the neutron production in pp collisions at /s=30.6-62.7 GeV. These cross sections for large zp
neutron production, as well as those in ep collisions by ZEUS, are mainly reproduced by a pion
exchange. Therefore, the observed large asymmetry for the neutron production is considered to
come from the interference between a spin-flip amplitude due to the pion exchange and non-flip

amplitudes from other Reggeon exchange.
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Chapter 1

Introduction

The property of the nucleon which comprises the real world is one of the most important interests
in physics. In the 1970s, experiments of electron-proton Deep Inelastic Scattering (DIS) found
the intrinsic structure that we currently consider as elementary particles namely quarks and
gluons (partons) in the nucleon. DIS efforts have allowed to extract important information on
the partonic structure of the nucleon to a high accuracy. The Quantum Chromo Dynamics
(QCD) parton model has been shown to be very reliable in the perturbative region.

On the other hand, small momentum transfer reactions which can not be described by the
perturbative QCD are still less explored. They can improve our knowledge on the inner hadronic
reaction. The prominent effects are the consequence of the strong correlation between sea-quark
and sea-antiquark with the quantum number of the meson [1], for example, a pion exchange
via p — nm and p — Axw. The measurements of the neutron in the very forward kinematics,
which is called a leading neutron, in ISR at CERN [2, 3] and, H1 and ZEUS at HERA [4]-[9]
are successfully described by a model based on an One Pion Exchange (OPE) in Regge calculus
[10]-[15] with the absorptive correction [14]. Moreover, there is a meson-cloud model which deals
with the quantum number of the meson as a hadronic structure. This model also describe the
leading neutron production in the ISR experiment by the n7 state in the proton (a pion-cloud)
[16].

Such works are especially important for nuclear physics, as one wants to know what amount
of the nucleon-nucleon interaction is describable in terms of meson exchange forces. Therefore,
detailed investigations for the leading neutron are necessary.

Leading neutron from polarized pp collision has one more interesting behavior, single trans-

verse spin asymmetry (Apy) which is defined as
do'!0 — dgt0
y=do _—do (1.1)
do10 + dol0
where superscripts of T and | indicate spin up and down of proton beams, respectively. “0”
denotes the unpolarized state. We discovered finite Ay for leading neutron productions at a

12 o’clock interaction point (IP12) experiment at Relativistic Heavy Ion Collider (RHIC) and

report on this thesis.
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The IP12 experiment was initially motivated to search for sizable Ay of production particles
in very forward region, 0+2.8 mrad, in polarized pp collision at 1/s=200 GeV for monitoring the
beam polarization at the collision point in RHIC. The Ay for 7° production was one candidate
based on the observation of large asymmetries in large xp at /s = 19.4 GeV (section 1.1).
Thus, the detector was primary designed to detect photons from 7¥s, but was also capable to
detect neutrons. We did not observe finite Ay for photons and 7%s, whereas we discovered large
Ap for leading neutron productions.

For further investigation, we have measured the zp dependence of Ay and cross section
of leading neutrons with the PHENIX detector in similar kinematics and energy regions. The
observed asymmetries are consistent with the IP12 result within the errors and show almost no
xr dependence. The measured cross sections are consistent with the xr scaling claimed by the
ISR experiment. These cross sections for large xp neutron production, as well as those in ep
collisions, are mainly reproduced by the OPE model in the Regge framework. Therefore, the
observed large asymmetry for neutron productions is considered to come from the interference
between a spin-flip amplitude due to the pion exchange and non-flip amplitudes from other
Reggeon exchange (Appendix A.1). Remarkably, the OPE model successfully describe one of
polarized phenomena of inclusive hadron production; a polarization of inclusive A production
in pp collision (Appendix F). Moreover, the meson-cloud model also describes the cross section
of leading neutron productions. (section 1.2)

Before introducing the measurements of leading neutrons in RHIC, extensive experimental

and theoretical reviews are described.

1.1 Ay for inclusive productions in the forward kinematics

Ay for inclusive productions, for example in pp or DIS, has been thought to be originated from
a transversity distribution, dq, of polarized Parton Distribution Function (PDF). dq is defined

as,

6q = ql(xp) — ¢; (x), (1.2)

where qi(“ is the probability of (anti-)parallel spin state for the parton to the nucleon. zp is a

Bjorken-z which is defined as a fraction of longitudinal momentum of the parton to that of the
nucleon. According to the expectation from the leading-twist pQCD, Ax should be suppressed
as agmg/\/s, where m, is the quark mass [17]. Therefore, the experimental observation of
large An at high center of mass energy of 19.4 GeV in pp collision at Fermilab, shown in next
section, was initially a surprise and this asymmetry remains to the RHIC energy at /s=200
GeV [18, 19, 20].

Recently three different mechanisms, Sivers effect![21], Collins effect [23] and Higher-twist

effect [24, 25], have been studied extensively as the possible origin of Ay in high energy collision.

!The Sivers PDF has suggested the relation of orbital angular momentum of partons in the nucleon [22].
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However, these theories would not be applicable to our measurements since kinematics is in non-
perturbative region; pr coverage is approximately below 0.2 GeV/c due to the acceptance limit.

We do not discuss them in this thesis.

Ay of pion productions at FNAL E704

The experiment E704 was carried out at Fermi National Accelerator Laboratory (FNAL) for
the study of polarization effects using 200 GeV/c (anti-)proton beam incident on a 1.0 m
liquid hydrogen target (1/s=19.4 GeV). Significant Ay were observed in this experiment for the
fragmentation region of polarized proton beams [26]-[29].

Figure 1.1 shows Ay for inclusive pion productions vs. xp in the region of 0.7 < pr < 2.0
GeV /¢, where xp is Feynman-z which is defined as a fraction of the incident proton momentum
carried by the pion in initial direction of the proton. The observed Ay are strikingly large,
increasing with zp and reaching a magnitude of 40% for charged pions around xr=0.8. There
is a clear sign dependence of the pion charge, with A”NJr >0 and A% <0, and magnitudes and
the 2 dependence are approximately same. The 7° asymmetry is positive but magnitude is
about a half of charged pions.

Pion asymmetries have not only the xr but also pr dependence. Figure 1.2 includes Ayn
values in lower pr region, 0.2 < pr < 0.7 GeV/c, in case of 7. The magnitudes are smaller
in the low pr region and it indicates that Ay increases dramatically in pr above 0.7 GeV/c.
Figure 1.3 shows the pr dependence of A”NO in the region of 0.5 < zp < 0.8. It also indicates

*increasing with pr.

same behavior as m

Our experiment was initially motivated by this 7° asymmetry; we needed to find significant
Ap to monitor spin directions of proton beams at the PHENIX interaction point (Local Po-
larimeter; Appendix B). Even if the extrapolation of A?{? to pr below 0.2 GeV /¢, which is our
experimental coverage, seems to be small or zero, Ay for photons decayed from 7% with higher

pr has a possibility to be measured.
1.2 Leading neutron production

1.2.1 Definition of kinematics for the leading neutron production

Kinematics of the leading neutron production for pa — nX reaction based on the Reggeon

(meson) exchange model is shown in Figure 1.4. zp and pr of the leading neutron are defined

as,
rp = pL/pL(m(w) = En COS Qn/Ep ~ En/E'p7 (13)
pr = E,sin6, ~ cpE,0,. (1.4)

From these variables, the momentum transfer squared from the proton can be described as,

2
1—
t o~ T to where, to= T (m? — :L‘me)). (1.5)
TR TR

In ep collision, we can evaluate —Q? by measuring the recoil electron.
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Figure 1.4: A schematic diagram of the leading neutron production, pa — nX, on the Reggeon
exchange model showing with Lorentz invariant variables s, @2 and ¢. a is proton or positron
for pp or eTp reactions. R indicates a Regge trajectory with isospin odd such as 7, p, as and
Pomeron-7 in the Regge theory. In case of the pion exchange model, R means 7.

1.2.2 ISR experiment at CERN

The ISR experiments at CERN measured leading neutrons in pp collisions at 1/s=30.6, 44.9, 52.8
and 62.7 GeV [2, 3]. Neutrons were detected in a Sampling Total Absorption Counter (STAC)
with the energy resolutions of 26% and 19% for 20 GeV and 30 GeV neutrons, respectively.
They were placed for covering 20+4, 66+11 and 119+11 mrad (finite angle) and 0+1 mrad
(zero degree) for the measurement of very forward kinematics.

Invariant cross sections as a function of x i for various pr, which can be evaluated by equation
1.4 using the combination of three finite angles (6,,) and four proton energies (E),), are shown in
Figure 1.5. Only in the zero degree measurement (pr ~0 GeV/c), large cross section is shown
around zr=0.8. Invariant cross sections at pr~0 GeV/c for various center of mass energies are
plotted in Figure 1.6 and they are well scaled by xr, not by the center of mass energy. These
interesting behaviors are well described by the pion exchange model (section 1.2.4).

There is one more evidence of the pion exchange based on the Regge phenomenology as
Figure 1.7. Invariant cross sections are plotted as a function of (1 —zp) for 2 >0.88 and fitted

by straight line. In the Regge theory, cross section is described with a Regge trajectory a(t) as

3 2
do _do (1—ap)' 2 Wogl(s', 1), (16)

where afﬁ(s’ ,1) is total cross section for a and R scattering in Figure 1.4. From the slope
in Figure 1.7, a(t) can be extracted. As an average all over the energies, it is obtained as

«(0)=0.1140.15 and is consistent with the intercept of the pion trajectory, a,(0) = 0. 2

2In case of Pomeron trajectory, ap(t = 0)=1.08.
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1.2.3 H1 and ZEUS experiments at HERA

H1 and ZEUS experiments at HERA measured leading neutrons in ep collision at /s~300
GeV [4]~]9]. We show a part of ZEUS results in this section. At the ZEUS experiment, a
Forward Neutron Calorimeter (FNC) detected leading neutrons with the energy resolution of
o/E = 65%/+/E(GeV), covering 0+0.8 mrad.

Result of the cross section is plotted in Figure 1.8 with the ISR pp result. Neutron production
from ep scattering also has a peak structure around xp=0.8 and is consistent with the curve
which is calculated by the OPE model for ISR results scaled by 0.41. Moreover, they measured
the D meson production associated with the leading neutron. The charm production can be
generated via a photon-gluon fusion in ep collision and is sensitive to the gluon in a pion if
the pion is exchanged. Result is shown in Figure 1.9. The data can be reproduced by the
RAPGAP[30]+OPE model only.

According to the results, they also tried to extract a structure function of pion, FyJ (x, Q?)
where 2, = r5/(1 — xr) in the framework of the OPE model [5]. FJ(x,, Q%) is expected to be
evaluated by the measurement of a neutron-tagged structure function, FQLN (xB, Q% xF), with

the following relationship,
Ff (zr, Q%) = T(Q* 2p) Fy " (25, Q°, ), (1.7)

where I'(Q?,zf) is the inverse of the pion flux factor integrated over the measured t region
and corrected for the t-averaged absorption effect. Obtained FJ are shown in Figure 1.10
with the curve for the Fy(zp,Q?) of the proton scaled by 0.36 and the calculation from GRV
parameterization [31]. It has approximately the same x5 and Q2 dependence as Fb of the proton.

The data provide new constraints on the shape of the pion structure function for 2, <1072,

1.2.4 Regge theory

In 1935, Yukawa predicted that there must be a particle, now known as the pion, which would
carry the strong interaction [32]. However, we now know that although the pion exchange is
an important component of the static force in high energy scattering, exchange of a very large
number of particles is involved. Regge theory [33] provides a simple quantitative description of
the combined effect of all these particle exchanges.

Regge theory is the framework based on the analytic property of scattering amplitudes
and it has been studied before the establishment of QCD. Unlike QCD which is starting from
the first principle, Lagrangian, it is difficult to obtain a comprehensive assessment for the
particle interaction. However, its technique is extremely useful even now, especially in the

non-perturbation frame.

Cross section for inclusive scattering in the region of small momentum transfer

The cross section for an inclusive reaction, ab — cX, in the region of small momentum transfer

is described by a diagram of Figure 1.11. Rb scattering term, total cross section Rb, can be
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replaced as Figure 1.12 by an optical theorem with new Reggeon Ry (Triple-Regge diagram).

A term Figure 1.12 contributes to the cross section, d?c/dtdxr, as
Gack: (D) ack, ()G (£)e' PN =o(ea ) (1 — g p)lmerB=ea(t) oo (), (1.8)

where, gacr, (t) and gqcr, (t) are the couplings of Reggeon R; and R; to the hadron ac, respec-
tively. Gz,j(t) is the triple-Reggeon vertex and ¢(«(t)) is the phase arising from the signature
factor, 1 + e~™(*)  All contributions of Reggeon for R; j 1. should be considered to obtain the
result. For the o?%(s), convenient database provided by Particle Data Group (PDG) [34]. If s
is bigger, o?2(s') can be described by the Pomeron exchange (Rj=Pomeron).

The leading neutron production in pp scattering, pp — nX, has been obtained by exchanges

of m, p and ao mesons. In case of the pion exchange, the cross section is described as follows
[10].

dUpp—>nX _ i 29]2mw —t
dtdxp A7 47 (t —m2)

3 (1 —ap)! O [F(zp, )Pt (s)), (1.9)

to
T

where g2, /4m = 27.5 [35] is the pnm coupling constant and o (t) is approximately o/t with o/ =
1 GeV~2 for the pion trajectory. F(zp,t) is the form factor included the effect of the final state
re-scattering of the neutron. For the hadronic charge exchange experiments, a good description
of most of the pn — pX data [36] is obtained using Bishari flux [37], which corresponds to
equation 1.9 with F(zp,t)=1.

Equation 1.9 can be represented by a Regge factorization with the pion flux factor, f, ,(zF, 1),
simply 3.

dUppHnX

dtdop . = [rjp(xr, t)op(s). (1.10)

Invariant cross section is obtained as Ed3c/dp® ~ —(1/x) - d®c/dtdzr (Equation 1.6) and
calculation results are plotted with ISR data in Figure 1.14. Here, cross sections were calculated
by not only the pion exchange but also p, as exchanges. Two step process, p — A — n were also
considered. Regge theory well describes the leading neutron production and shows remarkable
component is from the pion exchange. As a result for the leading neutron production in high

s', triple-Regge diagram 7w P as Figure 1.13 is considered to be dominant.

3Recently novel theoretical tools including leading neutron production based on standard pQCD have been
developed with a non-perturbative distribution (fracture function) which allow to absorb collinear singularities
at leading order in the QCD coupling constant.
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Figure 1.11: Left : Amplitude for ab — ¢X via Reggeon exchange. It is same as right diagram.
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Figure 1.12: Triple Regge diagram for inclusive  Figure 1.13: Dominant process for the leafing
scattering amplitude. It is same as Figure 1.11  neutron production in high s’.

using an optical theorem for Rb scattering with

new Reggeon Rj.

b
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Figure 1.14: Invariant cross sections for inclusive neutron productions, pp — nX, as a function
of zp for p2=0 (GeV/c)?. The long dashed curve shows the contribution from the pion exchange.
The dotted curve is the p,as-exchange contribution, the dashed curve shows the contribution
from the two-step process p — A — n and the dot-dashed line is sum of them. The solid curve
represents the sum of all components. The experimental data are from ISR. [10, 15]
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1.2.5 Meson-Cloud Model

The meson-cloud model deals with the proton as a bare baryon surrounded by a virtual meson
cloud, such as p — nm and p — A states®. This model gives a best description for the recent
interesting result from the Drell-Yan experiment at FNAL E866, there is an excess of the d
quark relative to the % quark in the nucleon sea [41], via the d quark in the 7F of a pion-
cloud (p — nn™). D’Alesio and Pirner applied to the meson-cloud model to leading neutron

productions in the ISR experiment and successfully describe by the pion-cloud model [16].

Cross section for the leading neutron production

A schematic view of the leading neutron production based on the pion-cloud model is shown
in Figure 1.15. The pion is stripped from one proton and scattering with other proton. The
remaining neutron runs forward on the proton axis roughly. This process is basically same as

the pion exchange shown as Figure 1.4. Thus, the differential cross section is given by the pion

flux factor times the total p-m cross section in the same way of the Regge calculation as, °
LwnX | poar, pr)of (o), (111)
dx deQT .

where the flux factor F,.(xzp,pr) gives the probability for the splitting of a proton to the
neutron-pion system and is calculated based on the meson-cloud model.

On the meson-cloud framework, proton is described as,

p 1)

\/—{poT +ZZ/dﬂ7FdPT ¢BM($F729T)|B M; vapT>}
\/_{\PoT +Z/dl‘FdPT SNy (F, DT)
AN

AN BM
T 7 .
X3 lp, 7" 2, pT) + 3 In, 7 xp,pr) 4+ | P (1.12)

where, gb%’}\//[(a: F,pr) is the probability amplitude to find a baryon B with longitudinal momen-

tum fraction xp, transverse momentum pr and helicity A and a meson M with longitudinal
momentum fraction (1 — zp), transverse momentum —pyp and helicity ) inside a proton with
spin up. v/S is the renormalization constant, which is fixed by (p|p) = 1 and gives the amplitude
for the bare proton. The pion flux in equation 1.11 is calculated as,

, 2
For(xp,pr) = —WZ ‘(b?\,}‘w (xp,pr)| - (1.13)

AN
The light-cone, covariant Regge and Skyrme-type model approaches [42, 43] were performed to

calculate the pion flux factor. In addition, if an impact parameter b in Figure 1.15 is small, the

4A similar fluctuation for intrinsic strange and charm in proton, such as p — KA and DA., can be possible.
However they are less strong because they are higher excitation states. [38, 39]
SWe use dp? = —zpdt from equation 1.5. Negative sign is ignored in this discussion.
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projectile proton and the neutron are re-scattering which is called the absorption effect. The
absorption correction is also discussed in [16].

Invariant cross section is obtained as Ed3c/dp® ~ —(zp/7) - d*0/dzpdp? and shown in
Figure 1.16. Calculated lines are scaled by a factor of 1.2 for the normalization of other contri-
butions, for example p exchange and A — n, estimated to be 20%. Data points show the cross
sections in pp collision at /s = 53 GeV from the ISR experiment. All models describe well the

cross section of the leading neutron production.

40 1 v 1 N 1 v 1

light-cone Rﬁ: =02GeV?
35 - -------- cov-Regge Rg =0.05 GeV2 ]
30 F ----- Skyrme-type . -

] pp->nX p,=0
1 " 1

0.6 0.7 0.8 0.9 1

Figure 1.15: A schematic view of the Figure 1.16: Invariant cross sections for the inclusive
inclusive neutron production based neutron production in pp collision as a function of zp
on the pion-cloud model. If an im- at pr=0 (GeV/c) calculated by three different models
pact parameter b is small, the pro- based on the pion-cloud model. Data points show the
jectile proton and the neutron are re- cross sections at /s = 53 GeV from the ISR experiment.
scattering (absorption effect). [16] [16]

In this thesis, we report measurements of leading neutron productions in polarized pp col-
lision at 4/s=200 GeV from the IP12 experiment (Part I; Chapter 2-4) and the PHENIX
experiment (Part II; Chapter 5-9). For the IP12 experiment, the experimental overview is
described in Chapter 2. The analysis for the asymmetry calculation is discussed in Chapter
3 and the results are presented in Chapter 4. For the PHENIX experiment, the experimental
overview is described in Chapter 5. The simulation study for the leading neutron detection are
described in Chapter 6. The analyses for the cross section and the asymmetries are discussed
in Chapter 7 and 8, respectively. Chapter 9 shows the results of the PHENIX experiment. We

present the discussion in Chapter 10 and the conclusion in Chapter 11.
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IP12 experiment
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Chapter 2

IP12 experiment

2.1 Overview

Extracting the spin state of partons in the nucleon is one of main physics objects at RHIC
which has the capability of colliding polarized protons [44] 1. Most of spin related analyses for
inelastic scattering will extract the spin information of partons though the spin asymmetries,
which are defined as differences of cross sections with the different spin combinations of beams
as,

ot0_g—0 ott—ot—

e Longitudinally polarized combinations : Ay = — 0> Arr = o

e Transversely polarized combinations : Ay = %, ANy = % 2
where superscripts +(—) indicates the helicity state of beams.

A layout of the RHIC facility is shown in Figure 2.1. In the RHIC ring, proton beams, which
are called Blue and Yellow beams, preserve their polarizations (section 2.2.1) by a Siberian snake
(section 2.2.4) as the vertically transverse direction and polarizations have been measured by
the pC-CNI polarimeters (section 2.2.5). We can study the physics which are related to the
transverse spin by colliding them directly (Transverse run period). For the study of the parton
helicity distribution, which will appear as Ay, it is necessary to rotate spin directions of protons
to the longitudinal. The spin rotator magnets (section 2.2.4), which have been installed up-
and down-streams of the collision points at PHENIX and STAR, enable us to take longitudinal
beams by rotating protons (Longitudinal run period).

For the confirmation of the longitudinal polarization at collision point, we need to develop
a new polarimeter which can evaluate the spin direction by a production process with a sizable
asymmetry in pp collision (Local Polarimeter : details at Appendix B). To establish the local
polarimeter system, we searched for a single transverse spin asymmetry, Ay, at 12 o’clock
interaction point (IP12 experiment) in 2001-2002. Neutral particle detection in the very forward
kinematics, 2.8 mrad, was chosen due to accessibility with the existing PHENIX detectors [46].

!Other is the searching for Quark Gluon Plasma (QGP) state by colliding heavy ions as RHIC’s name indicates
[45].
2In some literature, Anxn is denoted as Apr.

18
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The IP12 experiment was originally designed by a ElectroMagnetic Calorimeter (EMCal)
to detect the photon from 7%s based on the observation of a large pion asymmetry at /s=19.4
GeV (section 1.1). The detector consisted of a scintillation counter as a charged particle veto,
a preshower EMCal, a 60 (5x12)-clement array of PbWO, EMCal and the two scintillation
counters with an iron block in between to distinguish neutrons. The energy resolution was
AE/E ~ 10%//E(GeV) and the position resolution was about 1 mm. We also installed a
Hadron Calorimeter (HCal) to measure only neutrons in the opposite side. The setup included
a photon veto, consisted of a 5 cm thick lead block followed by a scintillator, the HCal made of
tungsten plates with optical fiber readout planes and five PbWQ, crystals for the reconstruction
of neutron position. For the neutron measurement with the HCal, the energy resolution was
estimated to be 40-50% and the position resolution evaluated to be 3-4 cm studied by the
simulation which was prepared based on the test beam result.

For the data taking, pp collision was triggered by the scintillator hodoscopes located +1.85
m from the collision point covering || = 2.2 to 3.9 and we also required some energy deposit
in each calorimeter. Average polarization for the Blue and Yellow beams were 12 and 17 %,

respectively.

2.2 RHIC-AGS complex for the Polarized Proton Collider

The study of high energy polarized proton beams has been a long term program at BNL with the
development of polarized beams in a Booster and an Alternating Gradient Synchrotron (AGS)
rings for the fixed target experiments. The capability of polarized proton beams has been
extended to the RHIC machine. The first collision at RHIC was in 2000 and the performance
has been improved every year. The main components used for the acceleration of proton beams
at RHIC are shown in Figure 2.1.

We will describe the overview of the RHIC as a polarized proton collider. More details are
found in references [47, 48]. Polarized proton injection uses an optically-pumped polarized H
ion source (section 2.2.1). It produces 500 pA in a single 300400 us pulse, which corresponds
to 9-12x 10" polarized H. The polarization have reached 80% or more at the source. There
are several steps from polarized H pulse to a bunched polarized proton beam; the LINAC, the
Booster, the AGS then the RHIC.

A pulse of polarized H ions are accelerated to 200 MeV kinetic energy in the 200 MHz
LINAC. The pulse of H ions is strip-injected and captured into a single bunch as polarized
protons in the Booster. The single bunch of polarized proton is accelerated in the Booster to
1.5 GeV kinetic energy and then transferred to the AGS, where it is accelerated to 24.3 GeV
(RHIC 100 GeV run parameter). Then, the polarized protons are transferred to the RHIC. The
AGS to RHIC transfer line has been designed to transport proton beams in the energy range,
from 20.6 GeV to 28.3 GeV. Each of RHIC rings can be filled with up to 120 polarized proton

bunches from the AGS, in which case the time between bunch crossing at Interaction Points
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IP12 experiment
(2001-2002)

Hydrogen gas jet target system :
RHIC pp CNI polarimeter \ RHIC pC CNI polarimeter

.
e

Siberian Snake

RHIC

" Blue ring
................. Yellow ring

PHENIX

Polarized Ion

Source& BOOSTER
\

AGS-to RHIC Transfer Line

AGS quasi elastic polarimeter

200 MeV polarimeter / / @ (' ¢—— Warm Snake
RF dipole * YN AGs pC CNI polarimeter

Cold snake

Figure 2.1: A layout of the RHIC facility. Polarized protons are accelerated from the source
through a LINAC, a Booster synchrotron, and the AGS before being injected to the RHIC rings.
Several of the components used to maintain polarization throughout the acceleration stages are
shown. Location of polarimeters are also noted. The places of IP12 and PHENIX experiments
are 12 o’clock and 8 o’clock points as a clock.

Figure 2.2: The pattern of the polarization signs of the bunches in the two counter-rotating
beams in RHIC. It is typically desirable to collide equal numbers of (++,+—,—4,——) bunches
at each experiment, where +— represents a bunch in one beam with polarization up colliding
with a bunch in the other beam with polarization down in transverse pp mode.
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(IPs) is 106 nsec.

In the RHIC operation, for example 2005 year run, rings were filled with 111 polarized
proton bunches and 9 abort bunches to estimate a beam gas background. The same pairs of
bunches interact at each intersection region but spin directions of pairs are different in each
interaction. It is typically desirable to collide equal numbers of (++,+—,—+,——) bunches at
each experiment, where +— represents a bunch in one beam with polarization up colliding with
a bunch in the other beam with polarization down. One solution which would satisfy all the
intersections is to load the bunches of one ring (++ ——, etc.), and load the bunches of the other
ring with (+—+—, etc.) as shown in Figure 2.2. The polarization sign of each bunch is decided
at the exit of H ion source where polarization direction is aligned in transverse. This is very
useful for the asymmetry analysis since any common systematic errors, for example detector
asymmetry, are canceled out by using those spin combinations (see Appendix A). After filling
of both rings is complete, the beams are accelerated to the flat-top energy.

Polarized proton beams have been accelerated, stored and collided in the RHIC rings at
center-of-mass energies of 62.4, 200 and 410 GeV so far. The acceleration of polarized beam
in circular acceleration is complicated by the presence of numerous depolarization resonances.
During acceleration, the polarization may be lost when the spin precession frequency passes
through depolarizing resonances (section 2.2.2). Therefore the polarization is maintained by
the use of two partial Siberian snakes in the AGS (section 2.2.3) and two full Siberian snakes
[49]-[51] in each RHIC ring (section 2.2.4). Besides constant polarized beam deliveries to
the experiments (PHENIX, STAR, etc.), the beam-development has also been continued. In
FY2006, polarization and intensity for the average store in RHIC reached 60% and 1.5x10!!
protons/bunch, respectively. Polarized protons were first accelerated to the highest beam energy
of 205 GeV in RHIC with a significant polarization measured at top energy in FY2005 [52] and
further high-energy beam commissioning has been continued in FY2006 towards the maximum
beam energy of 250 GeV.

The brief history of the RHIC facility, which is focused on the polarized proton beam

acceleration, is summarized in Table 2.1.

2.2.1 Polarized ion source

The polarized H™ has been generated by Optically Pumped Polarized Ion Source (OPPIS)
[53] was constructed at TRIUMF from the KEK OPPIS source (Figure 2.3). H' ions are
extracted from the 29 GHz Electric Cycrotron Resonance (ECR) proton source and enter the
rubidium cell, which has polarized rubidium vapor by optically pumped using 795 nm laser and
its polarization is kept by 2.5 T solenoid magnet. H' capture a polarized electron by H-Rb
interaction and become hydrogen atom. Then, the hydrogen pass through a Sona region where
the polarization is transferred from electron spin to H nucleus spin by the Sona transition [54].
H capture un-polarized electron from sodium vapor and become polarized H™ ions. It achieved

85% polarization for 10x 10! protons per pulse at FY2006.
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FY2001 || Polarized proton acceleration was commissioned in one RHIC ring (Blue ring)
(2001-2) || with two snakes and one pC polarimeter.

FY2002 || All snakes and pC' polarimeters in both RHIC rings were commissioned and
(2001-2) || operational. First transverse-spin polarized proton collisions were achieved.
FY2003 || Spin rotators at RHIC and pC' polarimeter at AGS were commissioned and
(2002-3) || operational. First longitudinal-spin polarized proton collisions were achieved.
FY2004 || AGS warm snake was commissioned. Hydrogen gas jet target was

(2003-4) || commissioned and operated for the measurement of absolute polarization.
FY2005 || The calibration for pC' polarimeters (in the blue-ring and yellow-ring) were
(2004-5) || completed.

FY2006 || AGS cold snake was commissioned.

(2005-6)

Table 2.1: Summary of the history focused on the polarized proton acceleration in RHIC.

ECR - PROTON SOURCE

SUPERCONDUCTING
SOLENOID CRYOPUMPS
Rb
CELL
SONA L
SHIELD
S— B
o H-
7 ] JM EXTRACTION
7{ % PLATES

Figure 2.3: A schematic view of BNL OPPIS.
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2.2.2 Depolarization resonance

Bean polarization during acceleration can be compromised by depolarization mechanisms driven
by magnetic field. The evolution of the spin direction of polarized protons in external magnetic
field is governed by the Thomas-BMT equation [55],

dP e - - 5

where the polarization vector Pis expressed in the frame that moves with the particle. ~ is
Lorentz factor, v = E/m, and G=1.793 is the proton anomalous magnetic momentum. B,
and éll are perpendicular and parallel magnetic fields to the beam direction, respectively. This
simple precession equation is very similar to the Lorentz force equation which governs the
evolution of the orbital motion in an external magnetic field,

%:—(%m) Bl x . (2.2)
From comparing these two equations, it can readily be seen that, in a pure vertical field, the
spin precessed Gy times orbital revolution; G-y, which is called spin tune, vy,, gives the number
of spin precession frequency. The Thomas-BMT equation also shows that at low energies (y~1)
longitudinal fields §|| can be quite effective to the spin motion, but at high energies, transverse
fields B | is dominated.

There are two main types of depolarizing resonances.

e Imperfection resonances : It is driven by magnet errors and misalignment. It arises when

Vsp = Gy = n, where n is an integer. Therefore, these are separated 523 MeV steps.

e Intrinsic resonances : It is driven by the focusing fields and arises when vy, = Gy =

kP +Q,, where k is an integer, Q) is a vertical betatron tune and P is a superperiodicity.

The superperiodicity is the number of repeated section of bending and focusing magnets. The
betatron tune indicates a betatron frequency around ring. For example, P=12 and @,~8.8 at
the Brookhaven AGS. For most of the time during the acceleration cycle, stable spin direction
coincides with the main vertical magnetic field. Close to a resonance, the stable spin direction
is perturbed away from the vertical direction by the resonance driving fields. When a polarized
beam is accelerated through an isolated resonance, the final polarization can be calculated

analytically and is given by the Froissart-Stora equation [56],
Py = (2(“'6\2/2“ - 1) P, (2.3)

where P; and Py are the polarizations before and after crossing resonances. ¢ is the resonance
strength and « is the rate of resonance crossing, « = d(G7v)/df. When the beam is slowly
(a < |€]?), accelerated through the resonance, the spin vector will adiabatically follow the stable

spin direction resulting in spin flip. However, for a faster acceleration rate partial depolarization
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or partial spin flip will occur. Traditionally, the intrinsic resonances are overcome by using
a betatron tune jump, which effectively makes « large, and the imperfection resonances are
overcome with the harmonic corrections of the vertical orbit to reduce the resonance strength.
At high energy, these traditional methods become difficult and tedious because the strength
of imperfection resonances generally increase linearly with the beam energy. The calculated
strength of imperfection and intrinsic resonances for AGS and RHIC are shown in Figure 2.4-
2.6. To avoid these resonances, proton beams have been accelerated with rotating spin direction
by snake magnets; partial snakes in AGS (section 2.2.3) and Siberian snake in RHIC (section
2.2.4).

2.2.3 Partial snakes in AGS

We used a warm and a cold snakes to preserve beam polarizations in the AGS acceleration.
The warm snake is composed of a normal helical dipole magnet and has been used with a 5%
snake strength (s=0.05, corresponds to 9 degrees) of original Siberian snake (section 2.2.4). As

a result, spin tune obeys,
cos(mvgy) = cos (%) cos(mGry), (2.4)

which does not satisfy the imperfection resonance conditions. However, it can not overcome
strong intrinsic resonances. It has been treated by the spin resonance excitation using a RF
dipole [57]. A stronger Siberian snake could also be more effective to overcome strong intrinsic
resonances in AGS. A superconducting helical dipole magnet as a 15% partial Siberian snake,

the cold snake, is developed and in use.

2.2.4 Siberian snake and Spin rotator in RHIC

To preserve beam polarization in RHIC acceleration, we used Siberian snake which is composed
of four superconducting helical dipole magnets, producing a central field of up to 4 T. It rotates
the spin direction by 180 degrees without a net orbital distortion in each cycle. Spin motion
image is shown in Figure 2.7 (Left). As a result, spin tune is change from vy, = Gy to
1/2, independent of the beam energy. Therefore, neither imperfection nor intrinsic resonance
conditions can ever be met as long as the betatron tune is different from a half-integer. With one
or two Snakes all depolarizing resonances should be avoided. However, if the spin disturbance
from small horizontal fields is adding up sufficiently between the Snakes, depolarization can
still occur. This is most pronounced when the spin rotations from all the focusing fields add
up coherently which is the case at the strongest intrinsic resonances. At RHIC, two Snakes can
still cope with the strongest intrinsic resonance. It was successfully demonstrated to preserve
the beam polarization at 60% in FY2006.

The Spin rotators, which is basically same composition as Siberian snake, placed around
the experiments to rotate the spin direction by 90 degrees again without generating net orbit

distortions. Spin motion image is shown in Figure 2.7 (Right). Spin rotators are required at the
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intersection points of PHENIX and STAR to allow for the measurements of spin effects with
longitudinally polarized protons; The spin rotators rotate the spin direction from the vertical
direction into the horizontal plane on one side of the interaction region to provide longitudinal
polarization and restore it to the vertical direction on the other side.

Design and construction of the snakes and rotators is discussed in [58, 59].

2.2.5 pC- and pp-CNI polarimeters

The single transverse spin asymmetry with the beam polarization P is expressed by,

1

where €y is called raw asymmetry which is calculated by the production yields (section A.2.1
and A.3). We can extract P by measuring ey of the physics process which has known Ay.

The proton-carbon Coulomb Nuclear Interference (pC-CNI) polarimeter, which takes ad-
vantage of sizable analyzing power, AZ;VC ~ 0.01 at —t~0.01-0.02 GeV?, in the elastic scattering
of polarized protons with carbon nuclei, serves as a fast feedback tool to tune up the beam
acceleration. AZ;VC which originates from the interference between electromagnetic force and
hadronic force was initially measured by the AGS experiment E950 [60].

The pC-CNI polarimeters are installed in the AGS and RHIC rings. They employed the
ultra-thin carbon ribbon target (3.5 g/cm? thick and 5 pm wide typically), which have been
developed at IUCF. Polarimeters regularly collected one million events of recoil carbons from the
elastic scattering process within 10 seconds. The pC polarimeter measures beam polarization
every a few hours in a store and also measures bunch-by-bunch polarization.

The accuracy of the pC-CNI polarimeter was limited by the uncertainty of AIJD\? . The AIJD\? was
measured at proton beam momentum in 22 GeV/c and we extrapolates it to 100 GeV/c using
a theoretical calculation [61]. The uncertainty of A?VC directly affects the beam polarization
uncertainty. For example, (1.00+0.32) scaling uncertainty was applied to 2001-2002 run.

Absolute beam polarization has been measured by a proton-proton (pp)-CNI polarimeter
with a well calibrated polarized proton target; since it utilizes pp elastic scattering for beam
and target protons, we can extract the beam polarization in high accuracy from the well known
target polarization. The accuracy of absolute beam polarization, AP,/P, has reached to 0.06
[62, 63].

2.3 Experimental setup

A plan view of the IP12 experiment is shown in Figure 2.8 and schematic views of each compo-
nent are shown in Figures 2.9 and 2.10. Detectors placed in very forward directions, centered
on a production angle of 0°, behind the RHIC DX dipole magnets, which removed produced

charged particles.
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Figure 2.7: Spin motion images through Siberian snake (Left) and spin rotator (Right).
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2.3.1 Hodoscopes for beam-beam counters

The collision-trigger hodoscopes (beam-beam counters) were located +1.85 m from the collision
point. The hodoscopes were formed with four sets of rectangular scintillators, with full azimuthal
coverage, and pseudo rapidity acceptance |n| = 2.2 to 3.9 in the vertical and horizontal directions
(Figure 2.11). The time resolution of the hodoscopes gave a vertex resolution of 23 cm. Details

of the selection of collision event are discussed in section 3.2.
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Figure 2.11: A schematic view of hodoscopes. Sensitive areas are shown in the left. A pair was

placed £1.85 m up- and down-stream of collision point and covered 2.2< |n| <3.9 in horizontal
and vertical rapidity regions.

2.3.2 East detector : Electromagnetic Calorimeter

The east detector, facing the Blue beam, consisted of a scintillation counter as the charged parti-
cle veto (dimensions 10.5 cm x 25 cm x 0.6 cm, CV in Figure 2.8), a preshower electromagnetic
calorimeter, and a 60-element array of PbWO, crystal electromagnetic calorimeter (EMCal).
These were followed by two scintillation counters (dimensions 10 cm x 24 cm x 0.6 cm, N1 and
N2 in Figure 2.8) with a 2.8 cm thick iron block between them to observe hadron shower.

The preshower and the EMCal arrays were built from PbWQy crystals of 2.0x2.0x 20.0 cm?,
coupled to 3/4-inch photomultiplier tubes (HPK R4125) via silicone cookies and filters of 1/10
light reduction. The preshower consisted of five crystals forming a horizontal hodoscope, 10 cm
(horizontal) x 20 cm (vertical) x 2 cm (deep). The EMCal was a 5 (horizontal) x 12 (vertical)
crystal array, 20 cm (22 radiation length, Xy) deep.

A schematic view is shown in Figure 2.9. Picture of the EMCal and its coordinate are
displayed in Figure 2.12 and 2.13.



CHAPTER 2. IP12 EXPERIMENT 29

Test experiment for the EMCal at SLAC

The preshower and the EMCal were calibrated by the electron beam at Final Focus Test Beam
(FFTB) Facility at SLAC. The FFTB electron beam was bunched as a few psec in 10 Hz and
one bunch has a capability to have several electrons. We requested 10 GeV per electron at
the experiment. The EMCal was located on the plate which can be moved less than 1 mm
accuracy by electric operation. We corrected the gain tower by tower and evaluated the energy
and position resolutions with this experiment.

Figure 2.14 shows the observed energy spectrum which was a sum of all tower energies. We
confirmed the EMCal has a good energy linearity up to 100 GeV. In Figure 2.15, the energy

resolution was evaluated over the inverse square root energy and it is described as,

AE _ 0a1
E E(GeV)

. (2.6)

The reason why the resolution was poor than the typical calorimeter made of PbWOy is the filter
for light reduction to keep the energy linearity. For the measurement of two photons decayed
from 70 separately, we employed a clustering algorithm; gathering towers which have energy
deposit above threshold. In this test, we also evaluated the effect for the energy measurement
of the clustering algorithm with 0.1 GeV threshold. Figure 2.16 shows the cluster energies as a
function of the incident position for 30, 50 and 70 GeV incident energies. Typically the cluster
energy was reduced to 97% from the incident energy. If incident position was in the edge region
on the EMCal, for example y=10-12 cm, the cluster energy was more reduced due to the shower
leakage. These effects should be corrected based on this result.

The position is reconstructed by a centroid method with the logarithmic weights [64],

T O
X ==""" W, =Max |00, In +Wol, 2.7
Z Wi sum 0 ( )

where, x; and E; are the position and the deposit energy in each tower above threshold. Fgy;,
is the sum of F;, which is defined as the cluster energy. Wy is a weight parameter and set to 4
in this analysis. The calculated position as a function of incident one is shown in Figure 2.17.
The position was well reconstructed by this method and we obtained position resolutions as
1.4 mm to 1.0 mm for 30 GeV to 70 GeV electrons, respectively. With the simulation study,
we consider it was not an intrinsic resolution, dominated by a beam spread (see next section).
In the edge region, the response of the position reconstruction was changed due to the shower

leakage as well as the energy response. It is corrected based on this result too.

Simulation by GEANT3

At the IP12 experiment, the noise level was worse than the test experiment; it corresponds to
0.4 GeV, and we required 0.5 GeV threshold for the clustering algorithm. For the estimation
of the effect to the clustering, for example the energy reduction and the energy resolution etc.,

we prepared a Monte Carlo simulation for the EMCal detector by GEANT3 [65] and evaluated
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its reliability by comparing with the result of SLAC experiment. Responses of the energy
and position measurements from the simulation are plotted in Figure 2.16 and 2.17 with the
experimental data. They agree well except for the position resolution; that for the simulation is
0.5 mm. It is because of the beam spread of electron beam which was mentioned as a few mm
from the accelerator and we concern it was about 1.3 mm by this measurement. The clustering
response with the 0.5 GeV threshold was studied by the simulation.

For the neutron measurement, we did not test by known hadron beam. The responses of the
energy and position measurements for the neutron were estimated by the simulation, GHEISHA
was used for hadron reactions [65], and the energy response is shown in Figure 2.18. The cluster
energy fraction for neutrons is Fyster : En ~ 1 : 3 with a ~ 100% energy resolution. As the
neutron energy, we were using the cluster energy which were calibrated for photons since it is

impossible to do the energy correction. The position resolution was estimated to be 5 mm.

2.3.3 West detector : Hadron Calorimeter

Actually we observed finite Ay in the neutron sample detected with the EMCal during run
period. To confirm the neutron asymmetry, we installed a hadron calorimeter (HCal) facing
the Yellow beam, in west side as shown in Figure 2.8. The setup included a photon veto (¥
in Figure 2.8) which consisted of a 5 cm thick lead block followed by a scintillator, the HCal,
and the postshower which was formed by five PbWOQy crystals as a horizontal hodoscope?, to
identify left and right production of the neutron. A schematic view is shown in Figure 2.10.
The HCal was a prototype of the ZDC which have been installed in the RHIC collision
points (Details are described in section 5.2.1). The HCal had a transverse dimension of 10 cm
x 10 c¢m, and 2 interaction lengths, A;. The measured energy with the HCal was calibrated
by the cosmic-ray data taking after the IP12 experiment and its resolution was expected to be
40-50% for the energy above 20 GeV. The position was reconstructed by the postshower using
the centroid method and its resolution at the detector center was estimated to be 3-4 cm. The
energy and position resolutions were estimated by the GEANT3 simulation which well reproduce
the results of the test beam experiment [66]. The asymmetry was obtained by comparing the

left and right scattering only.

2.3.4 Data taking

For the data taking, we required the trigger as a coincidence of following conditions,

e A collision event, with >1 Minimum lonizing Particles (MIP) in each hodoscope, within

a b ns collision window (pp collision event).

e Minimum energy deposit in detectors, more than ~5 GeV in the sum of EMCal or ~20
GeV in the HCal.

3Construction is same as the preshower in east detector.




CHAPTER 2. IP12 EXPERIMENT 31

We also synchronized it with the RHIC clock which is the same frequency of the beam and sent
from the RHIC accelerator. The energies and signal timings of all detectors were recorded by
Analog to Digital Converters (ADC; FERA LeCroy 4300B for the EMCal and LeCroy 2249W
for others) and Time to Digital Converters (TDC; LeCroy 2228A). The information of polar-
ization directions (up, down or un-pol.) for both beams were provided by the RHIC accelerator
and sorted by Programmable Logic Unit (PLU; LeCroy 4508). They were recorded by the coin-
cidence register (LeCroy 4448). A block diagram of the readout system for the IP12 experiment
is shown in Figure 2.19. The trigger rate was 100-300 Hz, and the average live time of the
experiment was 75%. We collected 70 million and 8 million events for the EMCal and HCal
samples, respectively.

In this run period, average polarization for Blue and Yellow beams were (0.116+0.002+0.020)
and (0.16940.002+0.020) respectively, errors show the statistical and systematic natures. In ad-
dition, the scaling error, (1.040.32), which was from the calibration of the polarimeter analyzing
power should be added (section 2.2.5). For the Ay measurement, we added the systematic er-
rors to the scaling errors by quadratic sum. Total scaling errors were (1.040.36) and (1.0£0.34)
for Blue and Yellow beams, respectively. Scaling errors should be affected to Ay as 1.0J_r8:g§

and 1.07552 for Blue and Yellow beams based on a correction of 1/P (equation 3.5).
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Figure 2.12: Pictures of the EMCal. Single PbWOy crystal is mounted to the photomultiplier
as bottom picture. The EMCal consists of 5 times 12 PbWO, crystals as shown in the top left.
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the EMCal.
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Figure 2.14: The energy spectrum for the electron beam at SLAC.
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Figure 2.16: The responses of cluster energies for various incident energies as a function of
incident y position. Closed and open circles indicate these from the test experiment and the
simulation, respectively. The responses was changed in the region of 10-12 ¢m where is the
edge region on the EMCal (see Figure 2.13).
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Figure 2.17: The reconstructed position vs. incident y position for 30 GeV electrons. Dashed
lines are hand draws to guide the eyes. Error bars show the position resolutions which are
about 1.4 mm and 0.5 mm for the experimental and the simulation values, respectively. These
differences would be caused by the beam spread of electron and we concern it was about 1.3
mm by this measurement. The responses were changed in the edge region as well as the energy
response.
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Incident Energy vs Cluster Energy (neutron)
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Figure 2.18: The cluster energy in the EMCal as a function of the incident energy in case of
neutrons estimated by simulation. The EMCal was calibrated by the electron beams. The
response was E.yster 1 En ~ 1:3 with a ~ 100% energy resolution.
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Chapter 3

Analysis

In this chapter, analysis procedure is introduced by the EMCal analysis. Analysis for the HCal

is described in section 3.6.

3.1 Selection of the collision event

The collision was identified by the z-vertex distribution which was reconstructed by the time

information of hodoscopes as follows,

z—vertex = (TE Hodo _ pW—Hodoy. /9 (3.1)
where T Hodo and TW—Hodo are average TDC values, which were truncated means after slewing

correction in this analysis, of the east and west hodoscopes, respectively. c is light speed. Figure
3.1 shows a z-vertex distribution and the collision vertex was seen around 0 cm with the width
of ~50 cm. We found peaks at 185 cm and they are called the beam gas events, a particle
shower events by the interaction between the beam and particles in the beam pipe. Basically,
the width of the beam gas event, ~23 cm, is dominated by the vertex resolution of hodoscopes.

For the selection of the collision events with the beam gas as low as possible we used the

TE—Hodo 4

information of not only the z-vertex but also a TDC sum, which was defined as, (7.

TW—Hodo

wve. )c/2, and their correlation is shown in Figure 3.2. Since the RHIC clock was used as

a common started TDC, the TDC sum of the beam gas should be smaller than the collision
event; the beam gas occurred earlier. We selected the collision events by a diamond cut in off-
line analysis as shown in Figure 3.2. Maximum contamination of the beam gas were evaluated
by mirror images of the diamond cut toward the beam gas peaks on the z-vertex, which are +185
cm, at their peaks in the TDC sum, which is 1300 cm. Summary of beam gas contamination
are listed in Table 3.1.

The beam gas contamination was studied by the data which were taken without the trigger
bias; most of the beam gas events were removed by the hardware trigger at physics data taking
(Figure 2.19). As a conservative estimation, the beam gas contamination was increased with

the maximum beam intensity based on an assumption of a proportional relation between the

36
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contamination of beam gas and the beam intensity. Normalized values also shown in Table 3.1.

Finally, we conclude that the collision were identified with 3% beam gas contamination.

The total number of collision event : 620296

The number of event in the | Fraction Normalized fraction to
diamond cut for beam gas (%) maximum intensities (%)
Blue beam gas 8977 1.45+0.02 2.4140.026
Yellow beam gas 4951 0.80+0.01 0.86+0.012
Sum 13928 2.254+0.02 3.27+0.028

Table 3.1: The contamination of the beam gas to the the collision event. Contamination was
estimated by the data without trigger bias which removed most of the beam gas events. The
fraction of the beam gas was increased with the maximum beam intensity conservatively based
on an assumption of a proportional relation between the beam gas contamination and the beam
intensity.

3.2 Particle identification

As mentioned in section 2.3, only neutral particles were expected to be detected in the accep-
tance because any charged particles would be swept away by the DX magnet. The K% was a
possible background for our measurement. At the ISR energies, the K? fraction to the neutron
in a similar kinematical region was estimated to be 3-4 % from observed charged kaon samples
[2]. We have included no correction for the K? background in this analysis and considered that
data samples are mixture of photons and neutrons.

The photon and neutron samples were identified according to their behaviors.

e Photon (7-ID) : Most of them convert in the preshower (2.2 Xj), and its shower is expected
to be stopped in the EMCal (22 Xj). There would be no hit in the post scintillators
(N1&N2).

e Neutron (n-ID) : Most of them pass through the preshower (0.11 A1) without interaction.
It converts in the EMCal (1.1 Ar) and the generated shower hits post scintillators.

As a common cut, we required no charge veto activity to remove unexpected charged particle
event.

The purity of the photon and neutron samples were obtained by comparing the event frac-
tions of the photon and neutron samples with and without the preshower activity by 15 MeV
threshold. Figure 3.3 shows the energy distributions deposited in the EMCal for (a) the photon
sample and (b) the neutron sample. The solid curves were selected the photon and neutron
samples using the CV, N1 and N2 except for the preshower, namely v-PID and n-PID. We de-
fine the actual number of photons and neutrons in v-PID as N “PID and N PP respectively,
and also define these for n-PID as NZ}‘PID and NQ_PID. In case of the photon sample, it is

categorized with (dashed curve) and without (dotted curve) preshower activity; the number
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Figure 3.1: The z-vertex reconstructed by the hodoscopes.
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diamond cut shown in this Figure.



CHAPTER 3. ANALYSIS 39

of events with the preshower, NY~PID w Pre and without the preshower, NY—PID w/o Pre g0

expressed as follows.
N'yfID — N'nyID w Pre _ PPre X N'nyID + PPre X N'nyID
v Rl n n ’
N'nyID w/o Pre _ (1 . Pf're) . N:ynyID + (1 . Pfre) . NT;YiPID, (32)

where Pf "¢ and Pf "¢ are the conversion probabilities in the preshower for photons and neutrons
which can be calculated by radiation length (0.9 cm) and interaction length (18 cm) for PbWOy,

P = 1—exp[—2(cm)/0.9(cm)] ~ 0.892,
PPre — 1 —exp[—2(cm)/18(cm)] ~ 0.105. (3.3)

Same description can be used to the neutron identification by changing from -PID to n-

PID! We can obtain actual number of photons and neutrons in each PID samples, NJ —PIb

Ng—PID

)
, NI}fPID and NQ*PID, by those formulas. Finally, we obtained the actual number of
photons in the photon sample and neutrons in the neutron sample, defined as Pf re. NJ —PID
and (1 — PFre). N»=PID i equation 3.2.

Possible systematics is from the different efficiencies of the N1 and N2 cut for the hadron
showers which are generated at the preshower and EMCal. Naively, the efficiency for the
conversion at upstream of the EMCal seems to be 100% , and 0% in case of the conversion at
down stream. We assumed the efficiency for the conversion at the EMCal is 50% which is an
average of up and downstream cases. Of course, it would be near 100% since the generated
shower was boosted toward the N1 and N2. However, we can not estimate it correctly, 50%
systematics was added conservatively. This systematics lies in only P which are required the
N1 and N2 cut?

As a result, purities for the photon and neutron samples in the deposit energy above 20
GeV were 0.8240.07 and 0.994+0.005, respectively. Errors show systematic only; statistics are

negligibly small. The particle identifications and purities are summarized in Table 3.2.

Energy cut (GeV) | CV | Pre Shower (MeV) | N1 | N2 Purity
Photon ID >20 X >15 X X 0.82+0.07
Neutron ID =20 X <15 O O [0.994%0.005

Table 3.2: The particle identifications for the photon and neutron samples. The energy cut for
neutrons was applied to the measured energy calibrated for photons. () and X indicate the hit
requirements of the scintillators as 1 MIP or more, and below 1 MIP, respectively. The purities
are defined as actual numbers of photons and neutrons in the photon and neutron samples,
respectively.

n this case, N~ P = yn—PID w/o Pre,
250% is not directly to PF"¢. It should be added for relative values with and without the preshower activity,
such as (1—PL7e)/(PFe).
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3.3 7 mass spectrum

7Y candidates were constructed for all pairs of clusters with the requirements of both cluster

energies above 15 GeV. Figure 3.4 shows the invariant mass spectra, M,,, in samples with and
without the y-ID. Clear 7° peak was seen and its width be narrower with the v-ID. The reason
why 70 peak was shifted by 5 MeV with the +-ID is the elimination of the events that the
photon energy was lost by the conversion in upstream materials due to the requirement of no
CV hit. Both mass shift and reduction in number of events are understood from the simulation
using the upstream geometry, in particular the conversion in a 2.1 cm thick stainless steel plate
just downstream of the DX magnet shown in Figure 2.8.

For the measurement of 7° Ay, we used a larger data sample, without the y-ID. The 7" peak
center for events without «-ID was used for an absolute energy calibration and tower-by-tower
for the final calibration. We selected events within +20 MeV of the peak center as 7° sample

and the background fraction was estimated using a Gaussian plus polynomial fit, it is 214+3.8%.

3.4 Asymmetry calculation

For the measurement of a left-right asymmetry, it is necessary to eliminate the zero degree region
around the beam axis. The acceptance cut was applied as radii 5 — 40 mm from the center
of the detector (5<r<40 mm), or production angles 0.3 — 2.2 mrad. The acceptance area was
divided into 20 pieces in a radial pattern (see Figure 3.5). For the asymmetry calculation, we
employed a square root formula which cancels other systematics, such as a detector asymmetry
until third order by taking average of the number of events in one piece for spin up (NJ)) and
opposite piece for spin down (N ¢l> +7r); those measurement should be same physics region due to
parity invariance. More details are discussed in Appendix A. The asymmetry was calculated

as,

\/N;N¢l5+7r \/ <¢>+7r ‘ (3‘4)

TN
\/N ¢>+7r \/ ¢+7r

It is smeared from the initial An(¢) by a smearing effect; the wrong assignment of the position

due to the position resolution. After the correction of the polarization, P, and the smearing

effect, e;mea”"g , we can obtain initial Ay (¢) as,
1 1
An(9) = ﬁmﬁN(@- (3.5)
€6

The asymmetry was calculated in counterclockwise starting at ¢=m/2 to check a sine modulation
in the azimuthal angle which is characteristic of single transverse spin asymmetry. Ay is defined

as an amplitude of the sine modulation as,

An(9) = An sin(¢ — o), (3.6)

where ¢g allows a deviation of the polarization direction.
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Figure 3.3: Panel (a) shows the deposited energy distribution in the EMCal for events used to
select the photon sample required as no CV and no N1&N2. The solid curve displays all events,
the dashed curve displays events with preshower energy (this is photo sample), and the dotted
curve shows events with no preshower energy. Panel (b) shows the energy distribution for the
events used to select neutrons required as no CV and N1&N2 activities. The solid curve is for
all events, the dashed curve is for events with no preshower energy (neutron sample), and the
dotted curve is for events with preshower energy.
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In the RHIC operation, both of the Blue and Yellow beams have been polarized. It enable
us to measure the forward and backward asymmetries at the same time. Because the EMCal
was facing the Blue beam, the forward (zp>0) asymmetry was defined as using polarization
patterns of the Blue beam. Similarly the backward (zp<0) asymmetry was using those of the
Yellow beam only.

The egmearm‘q was estimated by the simulation and it was 0.92 for the neutron measurement
with the 5 mm position resolution. Error was applied 100%, +0.08, conservatively since that
for the hadron reaction was just estimated by the simulation. It should be better in case of
photons, with the position resolution ~1 mm. However, we can just separate their particles
statistically based on the study of section 3.2. In this analysis, same correction, eimea”"g =
0.9240.08, was applied conservatively.

In this chapter, we show the ey only and the Ay values, after the correction of the po-
larization and the smearing effect, are shown in next chapter (chapter 4). The asymmetry
calculations were performed for the neutron, photon and 7% samples as shown in Figure 3.6.
We could not see significant asymmetries in the photon and 7° samples, but obvious large neg-
ative asymmetry appeared in the forward neutron sample. Line shows the fit result of the sine
modulation (equation 3.6) and we obtained the ¢y as —0.148 + 0.069. For the final values, we
fixed ¢g = —0.148 for the forward ey based on this result, and ¢g = 0 for the backward ex
assuming that the polarization direction of the Yellow beam was transverse completely. After
the ¢¢ was fixed, reduced x? for the forward neutron being 1.47. We attributed a large re-
duced x? to the scattered beam background observed higher rate in the EMCal tower near the
beam pipe. Whether or not the background has a spin dependence, it affects the azimuthal
dependence of equation 3.6. Its contribution to the systematic uncertainty was estimated by
the reduced x2, where we have assigned a systematic uncertainty of v/0.47x5Ay. In case of
backward asymmetries, e of all samples are consistent with zero. It indicates the forward finite

asymmetry is not fake from the measurement as well as the zero backward asymmetry.
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Figure 3.5: The acceptance definition for the
azimuthal dependence of Ay.
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Figure 3.6: The azimuthal angle dependence of ey for the neutron (Top), photon (Center) and
70 (Bottom) samples. Closed and open circles show the forward and backward asymmetries,
respectively. They were fitted by the sine curve, f(¢) = p0 X sin(¢ — pl) as equation 3.6. pl
for the forward and backward were fixed as -0.1484 and 0.000 except for the forward neutron
sample.
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3.5 Ay decomposition

The asymmetry of neutrons (A7) and photons (A};) were obtained by the Ay of the neutron
(A% and photon (A}YV*ID) identified samples through their relation of,

AP = (1 - P,) - A), + P, - A%,

AL = (1-P)-A% + P, A, (3.7)

where P, and P, are the purity of neutrons in the neutron sample and photons in the photon

sample, respectively (section 3.4). Equation 3.7 is represented as,

1
A = —— [P A _(1-p, A“’_ID]
N P, + P7 1 YN ( ) N >
1 ~ID ~ID
AL, = ———— [P Al —(1—-P,)A" ] . .
N Pn+P7—1 nLEN ( 7) N (38>

Statistical errors can be calculated as,

1 _ _
A = (PR (- B2y )2
n 7y
1 _
AL = V(B OAY PP+ (1 - P26y P, (3.9)
n T Ly

Systematic errors for P, and P, are delivered by,

‘An ID A’y ID

|
(A% = “Bp V) + (1= P2 (0P,
‘An ID A’y ID‘
6 e = B p Ty 7/ (Po) + (1= P,)2(0P,)2. (3.10)
This decomposition can be applied to ey with the assumption of the same P and e;mearmg in

equation 3.5. The ey for the neutron and photon after the decomposition are listed in Table
3.3.

In case of 7 Ay, the dilution from background should be corrected as follows,

0 AnNOerg . TAI]’{} 0 \/(5147](;’%9)2 + 7”2((514%’)2
AN = - 1 5A = 1 —r ?

— (3.11)

where r indicates the background fraction, defined as » = N% /(N ™ 4 N%). Detail of the
dilution effect is explained in Appendix A. In this analysis, we used r=0.210+0.038 which was
estimated in section 3.3. The ey for the background 7° were estimated by the sample of the
combinatorial background dominates in Figure 3.4, where (|M,, —0.135/>0.020) with assuming
that it was same as the background ey in the 7° sample (|M,, — 0.135/<0.020). They were
consistent with zero as shown in Figure 3.7. Results after the dilution correction are also listed
in Table 3.3.
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Figure 3.7: The azimuthal angle dependence of ey for the ¥ background. The definition is
same as the 7V asymmetries in Figure 3.6 but sample was selected the out of 7° mass range in
Figure 3.4, where |M,, — 0.135/>0.02.

en (x1073)

Forward Backward

Neutron || -9.655 + 0.641 £ 0.044 | 0.528 + 0.640 4+ 0.018

Photon || -0.974 & 1.588 4 0.742 | -2.982 + 1.590 £ 0.300
70 -2.614 + 3.300 £ 0.000 | 0.869 + 3.322 4+ 0.000

Table 3.3: The ey for the neutron, photon and 7° after the decomposition. The first and second
errors show statistics and systematics, respectively.

3.6 Neutron asymmetry measured with the HCal

To confirm the neutron asymmetry, we added the HCal facing the Yellow beam (section 2.3).
With the robust photon veto system, most of photons converts in the 5 cm lead block (8.9
X0)? and is removed by requiring the gamma veto activity. Sample is expected to be almost
neutrons.

Since the HCal can only reconstruct the z-position due to the structure of the postshower,

the raw asymmetry was calculated as left-right asymmetry,

VNING - /NN
N =

\/NgN}% + \/N;Ni

where L(R) indicates the acceptance of left (right) part which is defined as Figure 3.8. By

€

(3.12)

this acceptance definition, the ey is reduced according to the cos¢ dependence as ey = An X
[ cospdS/ [ dS and it is estimated to be 0.50. The ey is also smeared by the position resolution,
3—4 cm for the HCal, and total smearing was 0.37 estimated by the simulation. We added 100%

3The conversion ratio is estimated to be 99.99%
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systematic error for the smearing effect due to the position resolution, it was 0.50-0.37=0.13,
in the same way of the EMCal analysis (section 3.4). Finally, we obtained the smearing effect,
e?&i‘f”"g , was 0.3740.13. In this data taking period (nearly end of 2001-2002 run), polariza-
tions were improved to be 0.160 and 0.181 for the Blue and Yellow beams, respectively. Same
systematic and scaling error which are mentioned in section 2.3.4 should be added.

In the EMCal analysis, scattered beam background was suggested by the large x? from
the fit result of the neutron asymmetry (section 3.4). In the HCal side, it was estimated by
the comparison of events in the left and right acceptances. Figure 3.9 shows the reconstructed
position distribution of the sample for Ay calculation and the background ratio was defined as
a differences of counts in the left and right, R??Cal = (N1, — Ng)/(Nr, + Ng)~0.055. However,
the asymmetric distribution in the left and right can rise from other origins, for example, the
beam axis was shifted to the HCal center and/or the postshower calibration was insufficient.
We just added it as a systematic uncertainty.

Figure 3.10 shows the ey as a function of the measured energy with the HCal. Accord-
ing to the 40-50% energy resolution, events were distributed above 100 GeV broadly. They
were merged in 90 to 100 GeV bin in Figure 3.10 and we used sample in 30-100 GeV for the
asymmetry calculation. Significant negative neutron asymmetry was observed in the forward
kinematics and not in the backward. Asymmetry does not show any dependence on the neu-
tron energy within the energy resolution and we fitted them by constant to evaluate amplitudes
which are written in Figure 3.10. We obtain the Ay after the correction of the polarization and

the smearing effect as equation 3.5. The results are shown in the next chapter.

3.7 Multiplicity of hodoscopes associated with neutron sample

In Figure 3.11 we present the uncorrected multiplicity observed by the hodoscope for the neutron
sample of the EMCal data with deposited energy above 20 GeV. The vertical and horizontal
slats for each hodoscope overlap over 67% of the area, so that a correct estimation of the
multiplicity is (uncorrected multiplicity)/1.67.

As seen in the figure, the multiplicity for the forward beam counter, in the direction of the
neutron, is low, (multiplicity (forward))~2. The multiplicity in the backward beam counter
is large, (multiplicity (backward))~7. Therefore, we observe a clear separation of beam and
target fragmentation multiplicity, with a large asymmetry for neutrons produced forward from
the polarized beam, in the direction of low multiplicity. This pattern was confirmed with
the HCal data, where the forward and backward beam counters are reversed. The low forward

multiplicity is consistent with a simple exchange process producing the forward neutron, p — n.
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Chapter 4

Results of the IP12 experiment

Ap values after corrections of the polarization and smearing effect are summarized in table 4.1.
The Ay of photon and ¥ are consistent with zero within the statistics, whereas significant large
Ap in the forward neutron production was observed in the EMCal, and it was confirmed by the
HCal. The magnitudes and signs are consistent, Ay ~ —10% with the scaling error x 1.00f8:g§.
It was unexpectedly large asymmetry in this low pr range; the range in pr for the neutrons
can only be estimated from the limits of the acceptance (equation 1.4), which give pr < 0.22
GeV /e, for the limits E, < 100 GeV and 6,, < 2.2 mrad, since polarization phenomena which
has been observed so far seem to vanish in such low pr (cf. pion Ay and A polarization, section
1.1).

The measurements of inclusive neutrons in the similar kinematics for unpolarized pp and
ep collisions have been studied and these cross sections are consistent with the OPE model
predictions (section 1.2). And the OPE model can suggest the finite neutron asymmetry by the
spin-flip amplitude due to the pion exchange. It is necessary to check the cross section at the
RHIC energy whether the OPE model is applicable or not.

As a further experiment, the PHENIX experiment has measured leading neutrons in similar
kinematics with the improved energy measurement. The PHENIX experiment enables us to

extract the cross section and the zp dependence of Ay.

Ap results from EMCal

Forward Backward

Neutron || -0.090 + 0.006 £+ 0.009 | 0.003 £ 0.004 £ 0.003

Photon || -0.009 + 0.015 £ 0.008 | -0.019 £ 0.010 +£ 0.004
70 -0.024 £ 0.031 £+ 0.002 | 0.006 + 0.021 £ 0.001

Ap results from HCal

Neutron [ -0.126 + 0.017 £ 0.045 | 0.028 £ 0.019 + 0.010

Table 4.1: The results of Ay obtained at the IP12 experiment. Errors show the statistical and
systematic, respectively . Scaling errors from the beam polarization for the EMCal, 1.0f8:g§
and 1.0f8:g; for the forward and backward Ap, respectively, are not included. For the HCal,

scaling errors are nearly same for the forward and backward Ay, it is 1.0f8:g§.
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Chapter 5

PHENIX experiment

We performed the leading neutron measurement at PHENIX as a further measurement of the
IP12 experiment. Remarkably, the energy resolution was improved to ~20% at the 100 GeV
neutron and it is expected to extract the cross section and the xr dependence of Ay at 1/s=200
GeV. The data from 2005 run was used for the present thesis and one notable comment is that
the beam polarization measurement was dramatically improved with the pp-CNI polarimeter
to be AP/P~0.09. (c¢f. AP/P=~0.35 at 2001-2002 run)

5.1 Overview

The RHIC-PHENIX experiment has measured leading neutrons by a Zero-Degree Calorimeter
(ZDC) with a position-sensitive Shower-Max Detector (SMD) which cover +2.8 mrad of the
forward and backward directions [66]. One ZDC module has 1.7 Ay and 51 Xy. It achieves
21% energy resolution for the 100 GeV neutron by locating three ZDCs in series. The SMD is
an z-y scintillator strip hodoscopes, 7 for the z-coordinate and 8 for the y-coordinate, inserted
between first and second ZDC modules. The neutron position can be obtained by calculating
the center of gravity of showers which are generated in the first ZDC module. The position
resolution depends on the neutron energy and it was estimated to be ~1 mm for the 100 GeV
neutron, for example.

Since detectors are located in the same kinematics of the IP12 experiment, downstream
of the DX magnet, charged particles from collisions are expected to be removed. A forward
scintillation counter has been installed between the DX magnet and the ZDC to remove charged
particle backgrounds from other sources in the same way of the IP12.

We prepared two sets of triggers for the neutron measurement. One is the ZDC self trigger
and the other is a coincidence with charged particles. Charged particles are detected by a Beam-
Beam Counter (BBC) which are placed in up and downstream of the collision point covering
with +(3.0-3.9) and 27 in 1 and ¢ spaces, respectively. We collected 6.5 million and 17.6 million
events for the ZDC self trigger and that with a BBC coincidence, respectively.
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5.2 Experimental setup

A plan view of the experimental setup for the leading neutron measurement at PHENIX is
shown in Figure 5.1. Schematic views of whole PHENIX detectors [46] are also shown in Figure
5.2.

1800 cm NORTH

_/BBC

5cm

'S 4

Collision point

Yellow Beam Blue Beam

ZDC (W-Cu alloy) [ | Charge veto counter (Plastic Scintillator)
-1 SMD (Plastic Scintillator)

Figure 5.1: A plan view of the experimental setup at PHENIX, not to scale. Shown are the
principle components for the leading neutron physics.

5.2.1 Zero Degree Calorimeter (Shower Max Detector, Charge veto counter)

The ZDC is a hadron calorimeter for the measurement of neutrons in very forward kinematics.
The response of the ZDC was tested by 100 and 160 GeV proton beams by a prototype ZDC
[66]. The prototype was not same as ZDCs which have been installed in RHIC *. The prototype
is composed of tungsten plates with PMMAZ2-based communication grade optical fibers. One
prototype has 2.0 A\; and four modules were located in series at the test experiment. On the
basis of the test bench, present ZDC was designed.

Present ZDC consists of Cu-W alloy absorbers with PMMA-based communication grade
optical fibers and it corresponds to 1.7 Ay for one module,. Figure 5.3 shows a design of
one ZDC module. A photomultiplier (Hamamatsu R329-2) collects Cherenkov lights from the
optical fibers in one module. Three ZDCs are located in series (5.1 A7) at £1800 cm away from
the collision point within the small acceptance, covering ~10 cm in the trasverse plane. It has
been calibrated by observing the one neutron from peripheral heavy ion collisions; the 100 GeV
neutron, diverged by less than 2 mrad from the beam axis, provides a single neutron peak as
shown in Figure 5.6. It achieved 21% energy resolution for the 100 GeV neutron.

The position-sensitive SMD is an x-y scintillator strip hodoscopes inserted between first and
second ZDC modules where is the maximum hadronic shower approximately. The z-coordinate

(horizontal) is sampled by 7 scintillator strips of 15 mm width, while the y-coordinate (vertical)

n the RHIC ring, the ZDC is a global detector. They are installed in all interaction points and used as a
luminosity monitor.
2Polymethylmethacrylate (Index 1.49)
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Figure 5.2: Schematic views of whole PHENIX detectors.
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is sampled by 8 strips of 20 mm width, tilted by 45 degree (Figure 5.5). The active area in
the transverse plane is 105 mm x 110 mm (horizontal x vertical). Their signals are collected by
a multi-channel photomultiplier (Hamamatsu H6568, M16) through the Wave Length Shifter
(WLS) fibers. The neutron position can be reconstructed using the SMD scintillators which
have energy deposits above the threshold as follows.

MD

NSMD . .
> ™ ene(i) - pos(i)

SMD
Z,fvmulti. ene(i)

xz,Y , (5.1)
where ene(i) and pos(i) are the pulse hight leads to the energy deposit and the position for the
i-th scintillator, respectively. The number of scintillators above threshold is shown as Ni%g
and it is defined as a SMD multiplicity. The response of position measurement is studied by
the Monte Carlo simulation in chapter 6. SMD scintillators were calibrated relatively by MIP
peaks of the cosmic-ray data taken at the beginning of 2003 run. Figure 5.7 shows a raw ADC
spectrum of the cosmic sample and we can see a pedestal and MIP peaks around 50 and 100
channels, respectively. Actually the cosmic data was collected by usual CAMAC system which
was different gain to the PHENIX data acquisition system. A LED light was used for the gain
connection between them. We calibrated the MIP peak about 70 channel after the pedestal
subtraction and require a threshold as 40 channel for the centroid method. However there is a
large uncertainty for the gain connection by the LED system. It would affect the estimation of
the detector efficiency by the simulation in section 7.7. Fortunately, we can estimate the relative
SMD efficiency for the real and simulation data by selecting nearly pure neutron samples (section
7.5).

For the charged particle elimination, the 3.3 mm thick plastic scintillator is installed in front
of the ZDC. It covers 10 x 12 cm, it is almost same acceptance as the ZDC. It is calibrated for
matching the MIP peak to 100 channel as shown in Figure 5.8. Typically we require the cut by
50 ch for the selection of charged events.

A whole ZDC system is shown in Figure 5.4. In this analysis, we used a SOUTH ZDC
detector which is facing Yellow beam only. Its coordinates are defined according to the PHENIX

coordinate system as shown in Figure 5.9.

5.2.2 Beam Beam Counters

The BBC consists of 64 one-inch mesh dynode photo multiplier tubes (Hamamatsu R6178) with
3 cm thick quartz radiators as a Cherenkov radiator (Figure 5.10). BBC elements are mounted
as the beehive structure around the beam pipe (Figure 5.11) and located £144 cm away from
the interaction point with the coverage of 3< |n| <3.9 and 27 in azimuthal angle.

The BBCs are used to measure the collision vertex point in a direction of the beam axis
using hit time informations in NORTH and SOUTH parts. The time resolution of the single
BBC element is 52 psec. They are used as the PHENIX minimum bias trigger; they can take
about 50% inelastic interaction for pp collision at 1/s=200 GeV (Details are in section 5.2.4).
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Tungsten

306

100

Figure 5.4: A picture of whole ZDC system. Three ZDCs Figure 5.5: A picture of
are placed in series and the SMD is installed between first SMD; 7 scintillators for the
and second ZDC modules. The scintillator as a charge x-coordinate.

veto counter is placed in front of the ZDC.
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‘ ZDC energy distibution in CuCu collision at S = 200 Gev. [tmpDsumN

350 — ETTries 123727
C Mean 307.7

00F- RMS 1253
= X’ /ndf  84.18/80

250F- Prob 0.353
= 0 -35.73% 7.49 . e .

sook Sl 1179+0042 | Figure 5.6: The energy distribution with the
E P2 997438 ZDC in CuCu collision at /Syy = 200 GeV.
r p =

1908 p4 2136+131| We can see an one neutron peak clearly.

100

50;

0: NI | | | | [ | |

P IR B
350 400 450 500
Energy (GeV)

ol b b b Ly
0 50 100 150 200 250 300

‘ Cosmic-ray data in SMD. (CH2) ‘ [ Forward counter distribution

8000 —

10* 7000 =
6000 —

5 C

10 5000
4000

10°

3000

10 2000

1000

1

Lo b b Lo by Lo LUK 0 v e b L e b b Lo Ly ay
0 50 100 150 200 250 300 350 400 450 500 100 200 300 400 500 600 700
ADC value 1 MIP =100 channel

Figure 5.7: The ADC distribution of the SMD Figure 5.8: The charge distribution of the
for the cosmic-ray data. The pedestal and MIP charge veto counter in pp collision. It is cali-
peaks are shown around 50 and 100 ch, respec- brated by the MIP peak to 100 ch.

tively.

unit : cm

-

X (west) 10
N=~< ([):0 ’ ~(p\
N\ \ X

//
S | IS S SR N I
(0,0,-1800) =0

——t——f

collision point
(0,0,0)

Z(NORTH) Y
0=0 I
SOUTH ZDC view
from collision point

|

|

|

|

|

!

/+R i
PHENIX cordinate system
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Figure 5.10: A single BBC consists of a one-inch Figure 5.11: A BBC array consists of 64 BBC

mesh dynode photo-multiplier tube with a 3 cm elements. They are installed +144 cm away

thick quartz radiator. from the collision point with the coverage of
3< |n| <3.9 and 27 in azimuthal angle.

5.2.3 PHENIX data acquisition system

PHENIX detectors are designed to make measurements with high interaction rate; design inter-
action rates for pp and AuAu are 500 kHz and few kHz, respectively. PHENIX data acquisition
(DAQ) system [68, 69] has a capability for such high rate through the pipelined and dead-time-
less features implemented to the detector front ends.

The schematic diagram of the PHENIX DAQ is shown in Figure 5.12. Signals from detector
are converted to digital information and buffered in Front End Modules (FEM) which include
signal amplifiers, shapers and time decisions. Each subsystems such as BBC, ZDC etc. produce
a local level-1 trigger (LVL1) for taking physics interest events and send it to Global Level-1
trigger (GL1). Once a trigger is accepted at GL1, Global Timing Module (GTM) requests FEM
to send the data to Data Collection Modules (DCM). DCMs perform zero suppression, error
checking and data reformatting. Many parallel data streams from DCMs are sent to Sub-Event
Buffer (SEB). In the final stage, Assembly Trigger Processor (ATP) fetch the data from SEB
and concatenate the event fragments.

The recorded data are sent to the tape device in High Performance Storage System (HPSS)
in the RHIC Computing Facility (RCF).

5.2.4 Data taking for the leading neutron sample
Following LVL1 triggers are used to collect the leading neutron sample.
1. Energy deposit in the NORTH or SOUTH ZDC above 5 GeV : ZDCN|S

2. One or more hits in 64 photo-multipliers of both NORTH and SOUTH BBC :
BBCLL1(NoVtxCut)
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Figure 5.12: A block diagram of the PHENIX data acquisition system.

3. Same as 2, but requiring z-vertex being + 30 cm (Figure 5.13) : BBCLL1
(Defined as a PHENIX minimum bias trigger)

The ZDC self trigger, ZDCN|S, was used for both the cross section and the asymmetry
analyses. For the asymmetry analysis, a combination of 1 and 3, namely BBCLL1&(ZDCN]|S),
was also studied 3. Such coincidence study is very interesting since charged particles in the BBC
would be generated by a pion-proton scattering in the Regge framework (X in Figure 1.4). The
comparison of asymmetries for these two data samples would give us additional information
for the neutron production mechanism. Data collections were scaled with the factor of ~400
and ~25, correspond to ~100 Hz and 200-300 Hz, for ZDCN|S and BBCLL1&(ZDCN]|S),
respectively due to the DAQ bandwidth?.

In transversely polarized pp run at 2005, we collected 6.5 million and 17.6 million events
for ZDCN|S and BBCLL1& (ZDCNIS) triggers, respectively. The trigger counts of the BB-
CLL1(NoVtxCut) were used to the luminosity estimation in this analysis. By the van der
Meer /vernier scan analysis, the cross section of BBCLL1(NoVtx) events was 22.94+2.2 mb [70].

Integrated luminosity was calculated for the transverse run period as,

N of BBCLL1(NoVtxCut) 5536229087

r— —
OBBC 22.9(mb)

~ 242 (nb™1h). (5.2)

SBBCLL1&(ZDCN]|S) trigger has been used to the local polarimeter. Details are shown in Appendix B.
4A full PHENIX DAQ bandwidth was achieved 5 kHz at 2005 year run. Most of the bandwidth has been used
to other physics triggers.
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Chapter 6

Simulation study

An absolute scale for the energy measurement is determined by the 100 GeV single neutron
peak from the heavy ion collision. However, neutrons coming from pp collisions are below 100
GeV. In case of the SMD, it is not tested by any beams. A simulation study is important to
evaluate the detector responses for the neutron measurement below 100 GeV and discussed in
this chapter. The performance for the neutron identification is also discussed.

The simulation was prepared by GEANT3 with GHEISHA [65] as a hadron interaction
(Figure 6.1) which was well reproduce the response of the prototype ZDC. As an event generator,
a single neutron event generator and PYTHIA (version 6.220) [71] were prepared. The single
event generator creates neutrons as a function of xr and pp. The zp distribution which was
used for the simulation input was determined as a differential cross section, do/dxp, in the
cross section analysis (chapter 7). The pp distribution is difficult to determine by the PHENIX
data alone since the position and energy resolutions are insufficient. The pr distribution from
the ISR result, exp(—4.8+0.3 pr), as shown in Figure 6.2 were used to the simulation input,
assuming pr scaling from the ISR to the PHENIX energies. To check a reliability of this
assumption, distributions of radius from the detector center, r, for the real and simulation data
were compared based on the relation of pp o r as,
g

where d is the distance from the collision point to the detector, corresponding to 1800 cm. The

pr = E,sinf,, = E, , (6.1)

Ul =3

comparison of r distributions with the integration of measured neutron energies 20-120 GeV is
shown in Figure 6.3, and they agree well. It means the assumption of pr scaling is reasonable.

To check the relevance of the simulation, the energy resolution for the 100 GeV neutron was
studied as shown in Figure 6.4. The energy resolution is about 22% and consistent with the

observed width of one neutron peak from the CuCu data as shown in Figure 5.6.

6.1 Study of the ZDC and SMD responses

The response of the energy measurement at the ZDC is compromised by 1) a non-linearity of

photo electron yield to the neutron energy, and 2) a hadron shower leakage at the detector edge
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Figure 6.1: A plan view of the simulation setup drawn by GEANT3. the ZDC, BBC, beam pipe
and all materials around the ZDC are included.
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(edge effect). The SMD response will be changed by same reasons too. In this section, studies

of the ZDC and SMD responses by the simulation with the single neutron event generator are

discussed.

6.1.1 Energy linearity and resolution for the ZDC

The energy linearity and resolution were estimated by output responses for various incident
energies of neutrons which were from 20 to 100 GeV with 10 GeV intervals in the simulation.
Top of Figure 6.5 shows the mean of output energy as a function of the incident energy. Absolute
scale was determined by 0 and 100 GeV in the same way of the real data. As a result, ZDC
responses of energy measurements below 100 GeV have the non-linearity; output value is 15
GeV for the 20 GeV incident energy, for example. We applied a correction of the non-linearity
to the real data based on this result. As a systematic error for this correction, we decided to
use the difference between the linear and non-linear cases, conservatively. It is estimated in the
analysis part, section 7.9.2, as a variation of the cross section results.

Bottom of Figure 6.5 shows the energy resolution as a function of the inverse square root

incident energy. The energy resolution for the 20-100 GeV neutron is described as,

AE 64.64
— = ———+15.13 (%). 6.2
i F(GoV) (7o) (6.2)

6.1.2 Energy response in the detector edge

The edge effect was studied by the prototype ZDC with the 100 GeV proton beam at CERN
as shown in Figure 6.6. Plots are the energy response and resolution as a function of incident
positions for z and y. Basically the energy response decreases in the edge area, but only in the
edge of positive y, it increases. It is caused by the fibers in the top region for the connection to
the PMT (Figure 5.3); the leaked shower hits them directly. The simulation which was prepared
for the prototype reproduced this effect well.
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Figure 6.5: Top) The mean of output energy as a function of the incident neutron energy
estimated by the simulation. Solid line indicates a linear response. Bottom) The energy reso-
lution as a function of the inverse square root incident energy. Solid line shows the fit result by
AE/E = [P0]/VE + [P1].

Figure 6.7 shows the study for the present ZDC estimated by the simulation. The response
and resolution in the edge area act a same behavior of the prototype result except for the edge
of positive y. It is because of the wide coverage of the absorber plates in positive y region for
the present ZDC as an upgrade to reduce the edge effect.

This difference of the edge effects in positive and negative y can be seen in the real data
with the SMD position cut. Figure 6.8 shows energy distributions measured at the ZDC for
y >0 cm and y <0 cm by the SMD cut. Not only the different response but also the high energy
tail in y >0 cm are seen. We should not use the edge area to reduce the edge effect.

According to this study, 95-100% energy response is obtained by selecting » < 3 cm as an

acceptance cut.

6.1.3 Position resolution in the center region

The neutron position was calculated by the centroid method as equation 5.1. The position
resolutions were estimated by the simulation in this section. Figure 6.9 shows the output
position distributions and their resolutions as a function of the neutron incident energy for x
and y. Since distributions were not be reproduced by gaussian, the resolution was taken as
RMS. The position resolution was estimated to be around 1 cm for the neutron energy at 100

GeV. A reliability of this estimation will be discussed in section 6.1.5.
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Figure 6.6: The energy response and resolution of the prototype ZDC as a function of the
incident neutron position studied by the 100 GeV proton beam at CERN. Gray lines indicate
the responses estimated by the simulation and they well reproduced the real data.
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Figure 6.7: The energy response and resolution of the present ZDC as a function of incident
neutron position for various incident energies estimated by the simulation.

[ ZDC energy distribution (with position cut) |

10*

T

Figure 6.8: Energy distributions measured with
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dashed distributions indicate the SMD cut with
y >0 and y <0, respectively. Not only the dif-
ferent response but also the high energy tail in
y >0 cm are seen.
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Figure 6.9: Left) Output position distributions of x (top) and y (bottom) for the 100 GeV
neutron injected in the ZDC center, (x,5)=(0,0) cm, evaluated by the simulation. The position
resolution was obtained as their RMS. Right) The position resolution as a function of the inci-
dent neutron energy for x (top) and y (bottom). They were well reproduced by the polynomial

2 fit.
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6.1.4 Position response in the detector